Abstract This paper reviews integrated economic and ecological models that address impacts and adaptation to climate change in the forest sector. Early economic model studies considered forests as one out of many possible impacts of climate change, while ecological model studies tended to limit the economic impacts to fixed priceassumptions. More recent studies include broader representations of both systems, but there are still few studies which can be regarded fully integrated. Full integration of ecological and economic models is needed to address forest management under climate change appropriately. The conclusion so far is that there are vast uncertainties about how climate change affects forests. This is partly due to the limited knowledge about the global implications of the social and economical adaptation to the effects of climate change on forests.
than climate policies, such as supplying timber, sustaining biodiversity and tourism. This turns forest management into a challenging task, with integration of many different objectives.
Studies of forest management based on integration of models with different perspectives have therefore attracted increasing interest in over the past decades. Results from these studies are surveyed in several of the chapters in the assessment reports from UN's Intergovernmental Panel for Climate Change. Nabuurs et al. (2007) sum up studies that integrate economic and ecological models to analyse the potential impacts of forest sequestration on the market for carbon allowances, and how increasing use of biofuels will affect energy markets. Easterling et al. (2007) survey results from studies that integrate ecological and economic models to assess impacts of climate change on forests, which demonstrate a notable impact on prices (p 289). However, they also point out problems connected to the integration of models. For example, models used to estimate the effects of climate change on forest production and composition do not match models used to predict forest yield. Sohngen et al. (2007) moreover point at the difficulties in matching economic and ecological models, which are developed with reference to widely different scales.
Economic models, similarly as ecological models are developed with different purposes and emphasise different properties. All models leave important aspects out, which in the end may affect the results to a certain degree. Hence, quantitative results from modelling exercises alone may be less important than the insights that the modelling provides in terms of explaining the results. Similarly, model properties are equally important as model results, especially on the background of the variety of properties of the different models that are being integrated. This paper discusses properties of integrated economic and ecological models used to analyse impacts of climate change on forests. It aims to give a background for selecting models to address given policy questions related to the management of forests impacted by climate change, and to help understand under what restrictions the results of integrated modelling apply.
To address challenges related to climate change, there are many reasons to take a global perspective and include all activities that may be affected by climate change. However, enlargening the scope of models usually implies more simplifications, and the analysis may be of little help if issues of major interest are hidden behind fixed relationships or resolved by simple assumptions. Then, it is usually better to give up the comprehensive, global scale and instead focus more on specific issues. One possibility is to leave out activities that are not directly affecting forests and the utilization of it. Another is to focus on smaller regions or areas.
Integrated models with a comprehensive, global perspective are basically economic models where impacts on forests are represented by a cost estimate. With the exception of the ISGM model (Reilly et al. 2007 ), global models with a rough representation of an ecological system are sector models. For more detailed descriptions of ecosystems, one has to turn to integrated, regional models. Studies by these models aim at showing how important economic drivers are for assessments of impacts of climate change. However, most of these include assumptions of fixed management strategies. To analyse alternative management strategies, more details are needed to the economic models than available at present. The availability of ecological models is not a limitation, however, as the ecological properties needed to analyse management options are well represented in several of them. In the last section of this paper, we discuss some potential for further integration of ecological and economic models to address forest management under climate change.
Forests and forestry in global integrated assessment models
Climate change impacts on forests and implications for forest management can be addressed directly or indirectly in two classes of global integrated models. One class consists of macroeconomic models which integrates impacts of climate change. These models aim first and foremost to evaluate the timing of alternative climate policies with reference to the impacts of climate change, such as to answer how urgent are immediate emission reductions. The other class includes models that integrate sub models of selected systems, such as demography, the economy, the biosphere and the climate. The main application of these models is to produce consistent future pathways for the different systems, and analyse consequences of climate policy strategies for emissions and impacts of climate change.
Global macroeconomic models with integration of climate change impacts
The first well-known study of the economic impacts of climate change was made by Nordhaus (1991) , who was interested to see when, and with how much, the world should reduce its emissions from a purely economic point of view. Nordhaus integrated the impacts of climate change in a model for economic growth, later known as the DICE model. The model deducts an estimate of total damages, expressed by the reduction of the gross domestic product (GDP), from the "base-line" GDP. The paper makes an assessment of whether the discounted cost of an abatement program would be covered by the discounted value of reductions in future damage, and runs several scenarios with more or less aggressive abatement program. Nordhaus concludes that only moderate abatement is beneficial in early periods. For the net present value of aggressive policies to be positive, the damages of climate change would have to be far beyond the expected.
Following this line of thought, other models have been developed to address the motivations for climate policy. In most of them, the impacts are represented by an aggregate of the total damage cost, which refers exclusively to the change in global mean temperature. The estimate for total damage is based separate assessments of damage at a given change in mean temperature, for example 2.5°C. For other temperature changes, they apply a simple functional relationship between damage and global mean temperature. Most models assume increasing damage costs on the margin. Impacts to forests are usually included as a specified part of total damage costs for each region in the model.
The different models may refer to various studies of impacts of climate change on activities and phenomena, such as agriculture, forests, sea-level rise, extreme events etc. However, Fankhauser (1995) concluded, on the basis of early studies, that the estimates of the total damage at a given global mean temperature are relatively similar. When broken down to activities, the estimates diverge more substantially. For example, Nordhaus (1991) and later in Nordhaus and Boyer (2000) assume small impacts in forests for the US, at least up to an increase in global mean temperature of +3°C. An early study by Cline (1992) assumed, on the other hand, an annual loss of 3.3 billion US$ at+2.5°C in the US.
Later studies pay more attention to the benefits of adaptation and the CO 2 fertilization effect of global warming on forests. For the world total, Tol (2002) assumes a significant productivity gain in boreal forests in his FUND model, also in the US, whereas tropical forests loose or are unaffected by climate change. The fertilization effect of CO 2 was, however, dampened down after the findings of a reduced effect in free air experiments (Hendrey et al. 1999; Norby et al. 1999) , but the main conclusion, that aggressive early cuts in emissions of greenhouse gases are hard to defend from an evaluation of costs and benefits, remained unaltered.
The Stern Review (Stern 2006 ) represents a different viewpoint, and claims that substantial emissions cuts are beneficial and urgent. The Stern Review applied the PAGE2002 model (Hope 2006) which uses the same damage cost approach as the models referred above, but assumes slightly higher impacts in accordance with later findings about impacts and the speed of climate change from the literature. The model defines impacts of climate change in broad categories, and does not specify impacts on forests. The explanation for the recommendation of aggressive climate policy lies mainly in their arguments in support of a low discount rate.
The global integrated macroeconomic models address the "big" question of to what extent emissions ought to be reduced to avoid climate change in the future from an economic viewpoint. The assessments must be considered very rough as all impacts are represented by a fixed cost (see e.g. Patt et al. 2009 ). Impacts to forests, for example, are independent on interlinkages between forests and demographic and economic development, other ecosystems, and climatic factors other than global mean temperature. Alternative management options are not considered by these models, although later studies include fixed estimates of the benefits of adaptation.
Integration of model systems
To address issues specific for certain sectors, such as the forestry sector, the characteristics of ongoing activities within sectors need a closer description. Some of the models in the second category of global integrated assessment models, where models of different systems are integrated, allow for a closer study of forest management and impacts of climate change on forestry. These models were originally developed to analyze greenhouse gas emissions, and to develop emission scenarios. Relatively few studies have been made so far by these models to address the impacts of climate change. The growing attention to the inherent complexities in utilizing the potential of forest management as a means to mitigate climate change has, however, initiated more focus on the interchange between the natural constraints and the various drivers behind the utilization of forests.
Four global integrated assessment models were used to develop representative concentrations pathways (RCP) as part of the preparatory phase for the development of new scenarios for the IPCCs Fifth Assessment Report. Three of them (AIM, IMAGE and MiniCAM) specify forests directly or include systems that, at least, allow for analyses of certain aspects of forest management, but do not address forest management in particular. The AIM model (Kainuma et al. 2006 ) combines a computable general equilibrium model, which specifies forestry as a separate sector, with bottom-up models for population, building, transport, water management and air. Being disconnected from ecosystems, only the impacts on forestry of economic market transactions can be addressed by the model, and forestry has not yet been focused in specific analyses. Management of forestry may, however, be discussed in the light of general equilibrium analysis in forestry and related sectors, such as to predict price signals to the sector resulting from given emission reduction strategies. The AIM model does not include impacts of climate change.
The IMAGE model (Bouwman et al. 2006 ) determines greenhouse gas emissions on the basis of economic and demographic drivers, by including partial equilibrium models for agriculture and energy, and derive implications for climate and air, biosphere, water and land-use. Emissions are determined by minimizing the costs of meeting equilibrium conditions in the energy markets. Integration of a simple biospheric model and a model for climate and air allows for analyses of impacts of climate change on forests. For example, van Vuuren et al. (2006) estimates an overall loss of vascular plant diversity between 7 and 24% in 2050 depending on the socioeconomic scenario. They conclude that land-use change is the main driver for the loss of species up to 2050, while climate change becomes an increasingly important factor behind the loss of species over the next century.
The MiniCAM model (Edmonds et al. 1997) integrates models for land-use, energy markets, and the atmosphere. Land-use is connected to agriculture, and the model incorporates demographics, natural resources and consumption in order to predict total emissions of greenhouse gases. The model is being used extensively to produce emissions scenarios and implications of global policies to control emissions. The model has also been connected to terrestrial models to study relationships between climate policy and ecosystems. Wise et al. (2009) show that the costs of emission control are being lowered when terrestrial systems are integrated in the model. Emissions control also turns out to have major impacts on agriculture. Over the next century, unmanaged ecosystems and forests are likely to expand, and the prices of food crops and livestock increase.
While the AIM model provides a general representation of the economy, but lacks a link to ecosystems, IMAGE and MiniCAM limits the economy to partial equilibrium models, but are more closely linked to ecosystems. The only model that integrates general equilibrium and ecosystems is the IGSM model (Prinn et al. 1999) . Scenarios for greenhouse gases are thereby made consistent with socioeconomic scenarios. By means of a terrestrial biochemical model IGSM moreover allows for estimation of the response on vegetation of climate and atmospheric change, taking into account a broad range of impulses that affect the biosphere. This further strengthens the consistency between emission scenarios and assessment of the impacts on terrestrial systems. Using IGSM, Reilly et al. (2007) find that the effects of climate change and CO 2 on crops, pasture and forests are, in general, positive over the current century. The effects of ozone are, however very detrimental, and the benefits of CO 2 and climate may vanish unless ozone is strongly controlled.
Impacts on forests are recognized as a major part of the total impacts of climate change in global integrated models. So far, the models assume an overall positive impact of climate change up to a certain level of global temperature increase, at least in boreal forests. Whether the impacts on tropical forests will become positive or negative is more uncertain. However, studies by integrated economic and terrestrial models show that the change in global mean temperature alone vaguely indicates how climate change affects forests. The development of other ecosystems, drivers of land-use change and the future tropospheric ozone levels are essential, and suggest that forest management will play an important role for the final result. However, the potential for forest management is sparsely explored by integrated models with a global scale. The few studies that are available focus on widely different issues, which make it difficult to compare results and provide general conclusions about management. To get further insight one has to turn to regional and national studies.
Impacts of climate change on forests and consequences for management
Most of what is known about the socioeconomic implications of including forests in studies of climate change can, so far, be drawn from national studies of industrialized countries. The motivation in most of these studies is to explore the potential role forest management may play in climate change mitigation. Carbon may be sequestered in forests, and biomass refining and burning may be an attractive alternative to fossil fuels. As a consequence, both the mitigation potential and the energy markets will be affected if forest management is considered a part of mitigation policies.
There has been less attention to the impacts of climate change on forests, their economic consequences, and implications for forest management. The mitigation potential for forests may, however, be affected significantly by the impacts of climate change (Irland et al. 2001) . This, coupled with a general increase in the awareness of adaptation strategies, explains why regional models of ecological systems and economic models are increasingly being integrated to address both impacts and forest management. As opposed to studies of the global scale, the regional and national studies are characterized more by modelling approaches than applications of a selection of specific models. In this section, we therefore discuss a number of studies that apply different approaches.
Regional modelling studies of impacts on forests
The earliest studies about possible economic implications of climate change on forests are found for the US. To assess the broader impacts of climate change on forests, Brinkley (1988) integrates an ecological model with a global trade model for forest products to see how ecological changes interact with resulting changes in the terms of trade for the US. The study uses a partial model for forestry and related economic sectors, and is further constrained by the assumption that the change the in growth of forests is determined fully by the change in mean temperature. More comprehensive models, which could take into account a broader set of drivers for forest growth, are usually available only for smaller regions within countries. The focus on sub-regions complicates integration with marketbased economic models, which are usually based on national accounts data without further geographical resolution.
To assess the national level impacts of climate change on forests, Callaway et al. (1994) links together projections of impacts from several regions in the US. They conduct a macroeconomic analysis by comparing equilibrium states (comparative statics) in order to analyse the responses of the ecological impacts to forests on market prices. Sohngen and Mendelsohn (1999) point out that adaptation to impacts of climate change on forests is subject dynamic processes, which are disregarded in comparative static approaches. Economic utilization ought to be related to the growth of the biomass rather than the stock. They argue that the implications for the choice of adaptation strategy may be large when price effects are substantial, as in the case of climate change impacts on forests. They link a dynamic model for forests to the aggregated dynamic economic model for the US and show that the timber market is likely to adapt considerably to climate change over time, thereby ameliorating the potential problems associated with ecological change.
The demand for timber is driven by the market for related manufacturing goods, and these markets are global. The importance of a comprehensive representation of global markets in analyses of the economic consequences of impacts of climate change in the forestry sector has been demonstrated in several studies of countries and regions. Sohngen and Sedjo (2005) analyze the impact on forest markets in the US of a global increase of timber supply. They conclude that consumers will probably gain, but producers may loose in terms of welfare. This loss indicates that a higher supply affects prices more than quantities because of limitations to substitution on the demand side. This result is confirmed by other studies in other developed regions of the world, and shows that the final socioeconomic impacts are strongly conditioned on market behaviour, which may be interpreted as adaptation. Solberg et al. (2003) use a regional model for timber markets to study the effects of an increase in supply of timber, with a resulting drop of timber prices in Europe. They show that the output in western parts of Europe will increase, while they forecast a reduction in the eastern parts. The overall positive welfare effect is derived from lower prices of forest products. Patriquin et al. (2003) study land-use changes in a general equilibrium model for Canada without focusing particularly on climate change. However, they include non-market services of the forests, which is of interest also in the context of climate change. They conclude that a decrease in forestry output following a reduction in forested land somewhat offsets the positive economic impacts generated by increased visitor activity.
Regional studies have to be based on exogenous assumptions about world market prices. Many global studies apply partial models, where the prices in sectors external to the model are assumed fixed. Hence, substitution between internal and external sectors is neglected. Lee and Lyon (2004) develop an integrated, partial model for the world timber market by linking the Hamburg global circulation model to an ecological model (BIOME3) and a timber supply model (TSM2000). The scenarios which include climate change lead to an increase in the world's forest supply when compared with a reference scenario without climate change. As in the regional scenarios, they conclude that timber prices decline also worldwide, while production increases, most substantially in the US and Russia.
In a similar study, Perez-Garcia et al. (2002) link a terrestrial ecosystem model with a global trade model for forest products. They find that climate change leads to increased growth, but that the resulting increase of production is significantly lower than the increase of growth, because of the drop in prices. This implies that low-cost forests contribute the main part of the increased supply. Tavoni et al. (2007) study the combined implications of climate change and sequestration policies, and its consequences for the energy market by linking an economic model with specification of the energy sectors, WITCH, to a forestry model. WITCH is a computable general equilibrium model where the intertemporal allocation of resources is modeled as a dynamic game (see Bosetti et al 2007) . They show that linking forest management to the carbon market has the potential to alleviate the policy burden of offsetting about 50 ppmv of CO 2 concentrations, and significantly reduce the price of carbon.
Global and national studies are useful for pointing out how important management is for assessments of impacts in general. On a local scale, the variability of both ecological and economic conditions may result in widely different impacts within regions. Falkowski et al. (2000) point out that what appear as uncertainties in estimates of carbon sinks and climate change impacts in US forests are a result of variations rather than lack of knowledge. Variations are due to a broad range of natural processes and anthropogenic impulses, which are difficult to integrate in a comprehensive national model. Applying climate scenarios over the coming 100 years, Bachelet et al. (2004) uses a spatial model for the US and find that the eastern part of the country is becoming a carbon source over the next century, notably in Southeast, while the west is becoming a sink in the second half of the century.
Geographical variability represents a particular challenge for forest management, which, however, may be overcome. On the basis of several regional studies of developing countries Sathaye and Ravindranath (1998) conclude that if energy efficiency and forestry options are implemented consciously and carefully, emissions can be reduced at a negative cost without affecting economic growth in developing countries. Kadekodi and Ravindranath (1997) identify sequestration options in India depending on forest types, ownership patterns and land use patterns, and point out that the optimal strategy is a combination of management options, species choices and organizational arrangements. Also the impacts of climate change on forests, and further implications for the economy are likely to be subject to these factors, including forest management.
Implications for the management of forests
There are few modelling studies about how impacts of climate change may affect the management of forests available. A broad range of possible options that may apply as means to adapt to the impacts of climate change in forests have been proposed and discussed in the adaptation literature (see e.g. Spittelhouse and Stewart 2003) . These studies provide a few quantifications of consequences or assessments of how managers are likely to respond to climate change impacts and price effects. Some lessons can, of course, be learned from studies of implications of external pressures, including pressures that may follow by climate change. Reed (1984) shows that the policy effect of forest fires risk is similar to that of an increase in the discount rate. In both cases, the optimal rotation period of the forest is affected. Higher risks moreover reduce the value of protecting forests. Haight et al. (1995) study the risks of damage on forests from hurricanes. They find that the relationship between the expected present value and rotation age is affected significantly by damage risks while the effects of salvage proportion and stand damage in the form of stem sweep are relatively small.
The apparent dependencies between external pressures and forest management call for a more explicit treatment of forest management in integrated studies of climate impacts on forests. This may further complicate integrated modelling, because most integrated models solve the system each period as if a static system (recursive dynamic), while forest management is a dynamic problem by nature: it is first and foremost from the growth we can take advantage. Sohngen and Mendelsohn (2003) therefore question the use of static models and comparative statics in integrated analyses of forest management and climate policy. They use a dynamic model to show that the cost of carbon sequestration may be lowered substantially by utilizing the dynamic properties described in their model, which allow agents to increase forested land over time and lengthen the rotation period.
In some later studies by the integrated models surveyed above, also the management of forests has been addressed. In their analysis by the MiniCAM-model, Wise et al. (2009) study the simultaneous effects on mitigation costs by integrating energy, climate and terrestrial systems. They show that coordinating the management of the different systems may lower mitigation costs, and trace profound implications for economic activities that are based on the utilization of natural resources. Unmanaged ecosystems and forests expand, while food crops and livestock prices rise. Reilly et al. (2007) study the combined effect of climate change, CO 2 concentrations and ozone, and find that agriculture and forestry can adapt successfully to climatic changes if compared with the initial impacts on the natural environment. They emphasize, however, that the evaluation of the socioeconomic impacts of these changes will have to be considered with reference to the adequate measures of well-being rather than on the results for the sectors in question, thereby underlining the importance of using a comprehensive integrated tool for evaluations of impacts of climate change.
Integration of economic and ecological models applies to many issues of relevance for a determination of the impacts of climate change on forests and consequences of forest management. Integration of global models shows how economic impacts of climate change depend on ecosystems and how impacts to ecosystems depend on economic drivers. This provides some basic lessons about the challenges related to the achievement of sustainable development. To address management more specifically, one usually has to turn to national and regional modelling studies, where economic decisions are subject to assumptions about behaviour, usually competitive market behaviour. The descriptions of ecosystems can be made more specific in regional models, such as to distinguish between vegetation types. Most of the studies so far have focused on the effects of climate change impacts on prices in market equilibrium, which turn out to be substantial in all studies. There is a discussion whether static models can be used appropriately for these kinds of studies, or if models have to be dynamic. The distinction is important, but dynamic relationships may be represented adequately in static models under given assumptions, similar to how investments are represented in static economic models. Besides the traditional competitive markets, impacts of climate change have also been studied in game-theoretic settings, and with attention to non-economic impacts.
Modelling impacts of climate change on forest ecosystems
The models surveyed in the preceding section show how important management is for an assessment of impacts of climate change on forests. Common to the studies by economic models integrated with ecological models is that decisions are made according to some predefined behaviour, usually traditional utility maximising agents, who consider forests as a stock or property which may be transformed into an economic amount of wealth. There are no further evaluations of management options or choice among alternative management strategies.
Forest management serves, however, many purposes besides the economic and climatic issues, such as biodiversity and land-use, which have to be considered in addition to the economic and climatic concerns in practical policy. To be able to provide concrete recommendations for forest management under climate change, there is a demand for a broader perspective on management and inclusion of more details about the ecological systems. Economic models have not yet been applied to address alternative management options, but the potential of further integration between economic and ecological models for this purpose will be discussed in the next section. The abilities to extend the perspectives depend, however, on the availability of ecosystem models, and the information provided by these. To follow this up, we take a closer look at the ecosystem modelling in this section.
The models used to predict large-scale vegetation responses to future climate change can be categorized into deterministic and statistically based models. Statistically based models treat plant distributions as stochastic, and include spatial realizations of response surfaces, decision trees and bio-climatic envelopes. Statistical functions are used to generate expected distribution of species, which depend on the combined effects of a range of environmental variables. A brief description of a selection of models under each of the categories is given in the following sections, and the required inputs and outputs from each model are provided in Table 1 .
Statistically-based models
There are large uncertainties about how climate change impacts the growth of forests. The uncertainties are related both to the magnitude and character of climate change, and to the various responses to a changing climate in forests (Dixon and Wisniewski 1995) . Uncertainties in the input variables and parameters of forest growth models can be addressed by the use of Monte Carlo-techniques (van der Voet and Mohren 1994). For example Woodbury et al. (1998) apply a modeling approach to analyze the potential effects of climate change on the growth of loblolly pine using available research and regional monitoring data. Model inputs and functional relationships within the model are defined by statistical distributions. Then, Monte Carlo-techniques were used to estimate frequency distributions for the model output.
Another statistical model, DISTRIB, was used to project total forests and the distribution of eighty tree species in various community types in the eastern United States. A predictive vegetation mapping (Prasad and Iverson 2000) was used in a regression tree analysis (RTA) to model the spatial distribution of tree importance values for the 80 tree species using 33 climatic, edaphic and land-use variables. With this model, they predict how distributions of trees may change if the equilibrium level of CO 2 -concentrations is doubled compared with the preindustrial level, as estimated by several global circulation models (GCM).
Deterministic models
The term "forest dynamics" spans huge ranges both in time and space: The enzymatic reactions of photosynthesis operate within fractions of a second; foliage development takes a few weeks, while tree growth lasts decades to centuries, and the dynamics of soil organic matter span millennia (Bugmann 1994) . On the other hand, the germination of a seed takes place on a few square centimeters, a sun fleck moving over the forest floor covers a few square meters; a dominant tree in the canopy occupies 0.01-0.1 ha, and the quasiequilibrium of a forest landscape may be reached on the scale of several hectares (Shugart and Urban 1989) . Accordingly the deterministic forest models are classified with respect to a variety of criteria. Broadly they can be seen as the models which follow temporal scale or those which follow spatial scales.
Temporal scale models
Temporal scale models can be distinguished by the modeling of the vegetation response to a changing climate. The static models determine shifts of equilbria while the dynamic models determine the process of change resulting from a perturbation of the initial state.
Static biogeographical models assume equilibrium conditions in both climate and terrestrial vegetation in order to predict the distribution of potential vegetation by relating the geographic distribution of climatic parameters to the vegetation. The equilibrium approach applies only to large scales in nature as it ignores dynamic processes. In general, it requires much less information than dynamic models, and provides estimates of potential magnitude of the vegetation response at regional to global scales. These equilibrium models are restricted to the estimation of the steady-state conditions. Prominent examples of static models include BIOME (Kaplan et al. 2003) , and MAPPS.
The dynamic biogeographical models capture the transient response of vegetation or simple biomes to a changing environment using explicit representation of key ecological processes such as establishment, tree growth, competition, death, nutrient cycling (Shugart and West 1980; Shugart 1984; Botkin 1993 ). Dynamic models also require much more information on the characteristics of species than is easily available or even known for some areas of the globe (Solomon 1986 ). These models are used in predictions at the regional scale or for ecosystems, but have not yet been applied at the global scale (Smith et al. 1994; Shugart and Smith 1996) . Prominent examples of dynamic models include IBIS (Foley et al. 1996) , Hybrid (Friend et al. 1997) , LPJ (Sitch 2000) , and Triffid (Cox et al. 1998 ).
Spatial scale models
The spatial scale models can be divided into regional and global models. At the regional level, ecosystems are analyzed at a sub-process level, which are difficult to capture and manage at the global level. Within these spatial models, there are generally two classes of global vegetation models, biogeography models and biogeochemistry models. The biogeography models place emphasis on determination of what can live where, but either do not calculate or only partially calculate the cycling of carbon and nutrients within ecosystems. The biogeochemistry (Gap) models simulate the carbon and nutrient cycles within ecosystems, but lack the ability to determine what kind of vegetation could live at a given location.
Biogeochemistry models project changes in basic ecosystem processes such as the cycling of carbon, nutrients, and water. These models are designed to predict changes in nutrient cycling and primary productivity. They are also known as "gap models" and simulate all the dynamic relationships for small representative areas. They simulate the cycles of carbon, nutrients and water in terrestrial ecosystems. The inputs to these models are temperature, precipitation, solar radiation, soil texture, and atmospheric CO 2 -concentration. The plant and soil processes simulated are photosynthesis, decomposition, soil nitrogen transformations mediated by microorganisms, evaporation and transpiration. Common outputs from biogeochemistry models are estimates of net primary productivity, net nitrogen mineralization, evapotranspiration fluxes and the storage of carbon and nitrogen in vegetation and soil. Some of the popular models include BIOME-BGC (Running and Hunt 1993) , CENTURY (Parton et al. 1993) , and the Terrestrial Ecosystem Model (TEM, McGuire et al. 1992) .
Biogeography models simulate shifts in the geographical distribution of major plant species and communities i.e. they analyze the essential environmental conditions over entire continents to estimate the type of vegetation that is most likely to cover a given area. These types of models are best suited for assessing broad-scale changes in vegetation. They project the local dominance of various terrestrial vegetation forms. The models determine the broad distribution of major categories of woody plants, and include response limitations with reference to ecophysiological constraints. Specific aspects of community composition are determined, such as the competitive balance of trees and grasses.
The biogeography models predict the dominance of different plant species under different climatic and environmental scenarios. The several biogeography models used for such assessment include the Mapped Atmosphere Plant Soil System (MAPSS; Neilson 1995), BIOME3 , and MC1 (Bachelet and others 2001) . Input datasets for biogeography models mainly include latitude, mean monthly temperature, windspeed, solar radiation, and soil properties such as texture and depth. All of these models project vegetation responses to changes in the concentrations of CO 2 , but through different mechanisms.
To sum up, there is a broad scope of deterministic ecological models to use in integrated studies of forest management under climate change. What type of model to use depends on the issue at stake, and each type has its advantages and shortcomings. What is important is that the strengths of the models that are being integrated are supported by each other. As forest management is often a question of controlling the growth of biomass, dynamic models may be a natural choice, but they require much more information than static models, information that may not be available on the global scale. The spatial dimension may also be decisive for the ability to include impacts of changes in nutrient cycling, but biochemistry models apply mainly on specific species in specific areas. To predict changes for larger areas, one has to turn to biogeography models and focus on the dominance of different plants.
Challenges to integration of ecological and economic models
Integrated models applied until now has contributed to the understanding of how forests may be impacted by climate change, although they have their limitations when compared with outcome of more specialized, non-integrated models. In general, the integrated models provide an opportunity to produce more realistic predictions of perturbations in both economic and ecological systems, but coupling of models developed on the basis of different academic traditions may be disturbing when it comes to the interpretation of results. Ecological models can be understood as generalizations of physical processes, where human interference is considered a perturbation to the system. Economic models, on the other hand, aim at predicting the consequences of decision maker's responses to perturbations in their environment. What is important to take into account when generalizing physical processes may differ from what decision makers consider important to their actions. It is, therefore, not always clear how results from integrated ecological and economic models should be interpreted: Are they meant primarily as numerical predictions of the future, or do they aim at providing insights to the social consequences of decision processes?
For integrated studies of forests, forestry, climate change and climate policy, the different regards to the choice of model assumptions in ecological and economic models become apparent in the choice of scales on which models operate. A main contribution from the economic model is to show how heavily decisions are influenced by world markets. Hence, it is vital to properly represent the main drivers of world markets prices. In order to do so, market decisions will have to be highly simplified to allow for interpretations of drivers for the model output. These generalizations are not necessarily applicable to studies on lower levels, where institutional constraints, specific natural conditions and social patterns may play a prominent role.
Ecological models are generalizations of physical processes of species. These processes are known from studies on a very detailed level, such as field studies. The different ecological models emphasize different properties of the physical processes, such as dynamic processes, stochastic evolution or equilibrium states, but they assume that management is exogenous. This gives rise to a mismatch when economic models and ecological models are integrated: the physical processes on which economic decisions are based do not appear from the ecological model, and the real economic drivers of ecological change cannot be read from the economic model. Sohngen et al. (2007) observe this by pointing at the different scales on which economists and ecologists traditionally work. They claim that economists and ecologists have not worked seriously together to better match the models. This indicates that there are potential gains in further capturing the strengths of ecological models to improve the insights of economic decision-making in forests, and to better utilize the insights from economic models to improve the description of anthropogenic interference in ecological models.
The potential for gaining further insights into the interlinkages between forest management and impacts of climate change on forests is illustrated by some studies of mitigation. The GCOMAP model (Sathaye et al. 2006 ) is designed to assess mitigation potentials in forest systems, and includes three modules. The first computes annual changes in carbon stock on the basis of biophysical characteristics such as biomass yield, carbon content of biomass and soil, etc. Both the accumulation of carbon and its release from decay of vegetation and products are recorded separately on land planted each year. The second module computes the financial viability of management options on the basis of estimates of costs and benefits. The third module estimates changes in land-use under selected scenarios for carbon prices. Ravindranath et al. (2010) uses the BIOME4 model to provide input to the first module of GCOMAP and study mitigation potentials under different global emission scenarios. They also modify the GCOMAP model to include the dynamic carbon uptake rates provided by BIOME4. They find that the increase in total mitigation potential estimated by BIOME4 accumulates to nearly 1 GtC, or 21%, over the next 100 years under the IPCC A2-scenario (Nakicenovic and Swart 2000). The economic potential is, however, less. When integrated with GCOMAP, the potential falls to 6%. For the more moderate B2-scenario, the initial mitigation potential falls by 646 MtC, or 14%, whereas the economic potential is reduced to 5%. Hence, the relative share of the economic potential increases as the total potential is reduced.
A similar effect of including management objectives in ecological models is found in Khatun et al. (2010) , who address the effect of varying carbon prices on land availability for afforestation and reforestation projects in the State of Karnataka in India. They couple output from the Lund-Potsdam-Jena global dynamic vegetation model with GCOMAP to assess the effectiveness of using large scale forestry project under the Clean Development Mechanism in three IPCC emissions scenarios. It turns out that none of the forestry projects are viable at current carbon prices. The authors propose that price projections for carbon are provided separately to pinpoint how sensitive clean development mechanisms are to the market for carbon permits. Separate price projections are also useful with respect to the different user perspectives of forest management, which includes governments, forestry officials, private entities and rural communities.
When turning to adaptation, better integrated models could advance the analysis of resiliency associated with climate change, both from an ecological and a socioeconomic viewpoint. The examples above indicate that economic decisions and management have a large impact on the extent to which ecological changes are being affected by human intervention. Sohngen et al. (2007) point out, in particular, the need to better represent the role of economics in ecological systems, for example by assessing how adaptation affects the ecological impacts of climate change.
Conclusions
Forests represent a huge potential for mitigation, while at the same time being affected significantly by climate change itself (Ravindranath 2007 ). This explains why integrated studies of climate policy and forest management have been subject to a large amount of studies, which cover a broad range of issues. So far, most of these studies are somehow related to the mitigation of climate change. Studies of impacts and adaptation are less frequent. There is, however, a growing interest for approaching mitigation as an aspect of forest management, which includes adaptation to climate change. A study by Ravindranath (2007) highlights the need to assess and promote mitigation-adaptation synergies in the forest sector.
The models used for studies of economic impacts of climate change where forests and forestry are integrated fall into two categories: one is founded on general macroeconomic models, including general equilibrium models, which also describes activities within forestry. The other category is regional and partial models, which allows for closer studies of forest management.
Forests and forestry are poorly represented in most of the general models, although to various degrees. Impacts on forests are often considered part of an aggregated impact of climate change, or forests may be considered a part of a stock of natural resources. Some models include forests indirectly by a land-use module. There are only a few examples of further linking land-use module to ecological models, which enable a more direct consideration of forest issues. The studies that have been carried out indicate, however, a large potential of addressing new and important issues.
Regional and partial models allow for more direct integration of ecological models, as it allows for a better match between the scales on which the models traditionally operate. However, only relatively few studies have addressed impacts and adaptation options until now. Available studies point at the importance of separating the initial effect of climate change on ecosystems and the economic question of utilizing this potential. Generally, the economic impacts of forest responses to climate change are moderated significantly when compared with the initial ecological effect because of market responses. For example, the benefits of an increase in forest productivity seem to be gained in terms of lower market prices, hence benefiting users rather than produces.
Some recent studies indicate the advantages of further integration of ecologic and economic models, pointing out potentially significant benefits of multipurpose management regimes. On the other hand, an ecological response also needs to be represented more comprehensively, for example in order to address combined ecological effects of management on ozone-and CO 2 -concentrations.
The complexity of both economic systems and ecological systems suggest that integration of models will have to be chosen on the background of the purpose of the analysis. Most economic and ecological models can be classified with respect to similar criteria, such as scale, temporal and inter-temporal and deterministic and stochastic. But some differences, such as the spatial dimension, remain challenging. Regional, national and global economic models are fed by data delineated by institutional criteria, such as country borders, and cannot easily be broken down to the spatial resolution of the ecological models. Issues related to forest management and impacts of climate change are rarely studied, however, and it is possible to point out a range of problems which deserve more attention, and which may be analyzed by means of small and simple adjustments of existing tools.
